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Abstract. In situ pigment and dissolved organic carbon (DOC) data from two distinct 
hydrographic regions of the western English Channel are used to explore the possible 
marine DOC contamination of the past satellite estimates of phytoplankton biomass. To 
compare with field measurements, the individual spectral contributions of DOC, 
pigments, and water to the total diffuse attenuation coefficient, Kpar, are summed on a 
quantum basis within stratified waters near Plymouth, England; and for the spectrally 
averaged diffuse attenuation coefficient, K,•, on an energy basis within tidally mixed 
waters near Roscoif, France. In addition, coastal zone color scanner (CZCS) images 
from 1979 to 1986 were used to compute DOC concentrations for comparison with in 
situ values. Our analysis suggests that almost 50% of the color signal of satellite-sensed 
pigments may be attributed to absorption by marine colored DOC (CDOC) within the 
English Channel. These results compare favorably to the in situ DOC measurements off 
Plymouth, but not to off-Roscoff measurements, suggesting that there may be more 
CDOC in the stratified waters and more nonabsorbing DOC in the tidally mixed waters. 
Introduction 
Our previous studies of the particulate and dissolved 
components of remotely sensed color signals of coastal 
ecosystems [Carder et al., 1989; Walsh et al., 1992] indi- 
cated that as much as 50% of the apparent chlorophyll 
biomass sensed by the coastal zone color scanner (CZCS) 
may be an artifact. Within some case II waters impacted by 
river effluent this situation may be due to the presence of 
colored dissolved organic carbon (CDeC) of mainly terres- 
trial origin [Hochman et al., 1994]. For example, the spring 
increment of total dissolved organic carbon (DEC) in the 
southern North Sea, offshore of the Rhine delta, is at least 
1.3 mg Dec L -1 within 2 months [Duursma, 1963]. With 
present satellite algorithms such an increment of Dec in the 
southern North Sea would be interpreted as a spurious 
chlorophyll bloom. Since the Texel light ship observations 
[Duursma, 1963] are located at the 33 practical salinity unit 
(psu) surface isopleth during March-May, based on long- 
term data [International Council for the Exploration of the 
Sea, 1962], these spring increments of Dec may be influ- 
enced by terrestrial sources. 
In waters of the western English Channel, however, 
salinities of >34.8 psu suggest hat influence of the freshwa- 
ter yellow substances, that is, CDeC, on satellite detection 
of phytoplankton biomass may be negligible here [Holligan 
et al., 1983], compared to the adjacent estuarine waters 
[Laane, 1982; Mantoura and Woodward, 1983; Wafar et al., 
Copyright 1995 by the American Geophysical Union. 
Paper number 95JC00464. 
0148-0227/95/95JC-00464505.00 
1989]. Thus we wished to explore the consequences of 
mainly marine sources of CDeC, which might not covary 
with the phytoplankton pigments over time, thus confound- 
ing the "standard" CZCS algorithms [Gordon et al., 1983]. 
Accordingly, we selected two different regions of the west- 
ern English Channel (areas E and B of Figure 1), where 
seasonal time series of in situ pigments, Dec, total light 
attenuation (Table 1), and phytoplankton species' composi- 
tion and size fraction [Holligan and Harbour, 1977; Sournia 
et al., 1987; Davies et al., 1992] have been collected over the 
past 30 years. 
Station E data from seasonally stratified waters above the 
70-m isobath off Plymouth, England (near 50ø02'N, 4ø22'W) 
exhibit distinct winter-spring blooms of diatoms. These 
waters generate in situ chlorophyll (chl) biomasses of 2-5 mg 
chl m -3 , tenfold greater than the background populations of 
picoplankton and nannoplankton [Jordan and Joint, 1984; 
Davies et al., 1992], like similar waters of the Celtic Sea and 
the Mid-Atlantic Bight [Malone et al., 1983; Joint et al., 
1986], and were apparently sensed by the CZCS with little 
interannual variation during March-April (Plate 1). A priori, 
a greater error might be expected in the winter months since 
the CZCS atmospheric path is longer and there may be more 
dit•culty in retrieving accurate data. 
Unlike the Celtic Sea and Mid-Atlantic Bight regions, 
however, since 1966, summer blooms [Dixon and Holligan, 
1989; Le Corre et al., 1993; Partensky and Sournia, 1986] of 
20-40 mg chl m -3 of the dinoflagellate, Gyrodinium cf. 
aureolum have been recorded. The patchiness of their 
populations leads to much larger daily and interannual 
variability of "pigments" sampled by the CZCS around 
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Figure 1. The coastal zone color scanner (CZCS) sampling 
grid (circles) in the English Channel around Stations E and 
B, located near Plymouth, England, and Roscoif, France. 
station E during June and July (Plate 2). As a consequence, 
we will find that time series of CZCS images compiled over 
1979-1986 and of in situ observations over 1975-1990 for this 
region both display (Figure 2) a larger range of summer and 
fall values off Plymouth, England, than in tidally mixed 
waters off Roscoif, France (Figure 3). 
Above the 30-m isobath off Roscoff at station B (near 
48ø44'N, 3ø57'W) diatoms prevail most of the year; G. 
aureolum is not found in these waters [Holligan et al., 1984; 
Klein and Sournia, 1987]. Off Roscoff in situ chlorophyll 
values of 1-2 mg chl m -3 persisted throughout April to 
October during 1979-1980, when the concurrent DOC data 
were collected (Table 1). During other years, for example, 
1985, the onset of the Roscoff spring bloom may be delayed 
a month, with values of 1-5 mg chl m -3 found during 
May-June, a July-August minimum of 0.5-1 mg chl m -3, 
and fall blooms of 1-2 mg chl m -3 extending through 
November [Sournia et al., 1987]. 
Within these constraints of interannual variability we first 
estimate the individual contributions of water, CDOC, and 
pigments to light attenuation over depth, time, and spectral 
wavelength. Off Plymouth their sum, the computed total 
diffuse attenuation coefficient on a quantum basis, Kpa r, is 
compared to the means of monthly observed Kpa r values 
over 400-700 nm (Table 1) within the upper 10 m around 
station E [Pingree et al., 1976; Holligan and Harbour, 1977; 
Jordan and Joint, 1984]. 
Since the light attenuation at station B was instead esti- 
mated with a radiometer from the vertical profiles of down- 
welling irradiance at four wavelengths of 400, 443,520, and 
550 nm [Sournia et al., 1987], the spectrally weighted mean 
diffuse attenuation coefficient, K a, was averaged over 400- 
550 nm. Ka was then computed over the same wavelengths 
from the DOC and pigment measurements for comparison 
with the mean monthly observations over the upper 25 m at 
station B. 
Finally, the monthly discrepancies (Table 2) between the 
CZCS and in situ estimates of pigment (e.g., Figures 2 and 3) 
are used to compute the equivalent DOC for comparison 
with observations. Presumably, as a result of either more 
secretion of DOC during or more plankton decomposition 
after, the larger primary production in shallow waters off 
France [Wafar et al., 1983; Martin-Jezequel, 1983], DOC 
stocks off Roscoff range seasonally from 1.1 to 2.2 mg DOC 
L -1 [Waœar etal., 1984], compared to 0.6-1.1 mg DOC L -1 
off Plymouth [Banoub and Williams, 1973]. Both groups of 
analysts used the same wet oxidation technique for measure- 
ment of DOC [Menzel and Vaccaro, 1964]. 
Methods 
We used an approach similar to that taken in the bio- 
optical model of Sathyendranath and Platt [ 1988] to consider 
Table 1. The Seasonal Variation of In Situ DOC, Kpar, K d, and Pigments 
Plymouth Roscoff 
Station E Station B 
DOC, Pigment, DOC, Pigment, 
mg L -1 Kpar, m -1 mg m -3 mg L -1 Kd, m -1 mg m -3 
Feb. 0.75 0.17 0.40 1.48 0.06 0.49 
March 0.59 0.12 1.00 1.82 0.06 0.95 
April 0.75 0.16 2.17 1.39 0.10 1.35 
May 0.91 0.11 1.20 1.42 0.08 1.43 
June 1.00 0.08 1.21 1.33 0.08 1.75 
July 0.76 0.14 0.83 1.86 0.06 1.00 
Aug. 0.85 0.32 10.2 2.00 0.08 1.85 
Sep. 1.12 0.15 1.03 1.42 0.06 1.38 
Oct. 0.71 0.12 0.45 2.02 0.07 1.38 
Nov. 0.66 0.10 0.45 1.37 ß ß ß 0.70 
Dec. ß ß ß 0.08 0.30 1.40 ß ß ß 0.80 
Three center dots indicate no data. Kpa r for Station E is the total diffuse attenuation coefficient over 
400-700 nm, while K,/is the spectrally averaged diffuse attenuation coefficient over the upper 25 m for 
the 400-550 nm band for Station B. After Banoub and Williams [1973], Pingtee et al. [ 1976], Ho!!igan 
and Harbour [1977], Jordan and Joint [ 1984], Wafar et al. [1984], Sournia et al. [1987], and Davies et 
al. [ 1992]. 
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Plate 1. CZCS daily images of the English Channel for the spring of 1984-1986. Warm colors (yellow, 
orange, and red) represent a combination of high pigment and CDOC concentrations; blue color represents 
clearer waters. 
both the irradiance path length and the spectral attenuation 
of light as a function of depth, since the respective validation 
data for Kpa r and K,t are expressed over the upper 10 m 
(Plymouth) and 25 m (Roscoif) of the water column. Since 
we wished to examine the temporal covariance of the 
constituents of Kpa r and K,t we averaged over 25-am band- 
widths the separate contributions of water, CDOC, and 
pigments to light attenuation each month. Similarly, to 
account for seasonal changes in the spectral quality of 
incoming radiation, we estimate the incident photosyntheti- 
cally active radiation (PAR) over each 25-nm bandwidth of 
color (Table 3), using the approach of Gregg and Carder 
[1990]. 
In addition, separate versions of our model are used to 
account for the different phytoplankton communities within 
stratified and permanently mixed waters off Plymouth and 
Roscoif, respectively. We employ differences in the spectral 
shape of the specific absorption coefficients a* , ph, of phyto- 
plankton (m 2 (mg chl)-l). We assumed representative spec- 
tral mean values of 0.0323 and 0.0202 m 2 (mg chl) -l ob- 
tained from stratified (stations 1 and 2) and well-mixed 
(stations B and H) waters of the Gulf of Maine [Hoepffner 
and Sathyendranath, 1992], since the annual cycles of ele- 
ments and functional groups of phytoplankton there [Walsh 
et al., 1987] are similar to those in the western English 
Channel, except for the G. aureolum blooms. 
We begin with the definition of a mean spectral and 
depth-averaged Kpa r (m -l) over a vertically mixed upper 
water column as 
Kpa r = -In T(z)/z (1) 
with T(z), the transmittance at depth z, defined as 
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Plate 2. CZCS daily images of the English Channel for the summer of 1980 and 1982. The color bar is the 
same as that of Plate 1. 
700 T= PAR(z)/PAR(0)= hc 1/AE(A) 
d 400 
ß exp -[Kw(A) + Kr(A) + Kc(A)]z dA 
700 
. hc 1/AE(A) dA (2) 
d 400 
where E(A) is the spectral downwelling irradiance crossing 
the sea surface at local apparent noon during every month 
(Table 3). Values of E(A) were calculated for clear skies 
(remote sensing conditions) from Gregg and Carder [1990] 
using a marine aerosol, a default wind of 4-6 m s -1 and a 
visibility of 23 km (Table 3). The relationship hc/A converts 
E(A) from a photon power to a photon flux, with h as 
Planck's constant and c is the speed of light. The depth z is 
10 or 25 m, while the individual components of diffuse 
attenuation (m -1) are Kw(A) due to water, Kr(A) of CDOC, 
and Kc(A) of chlorophyll and other pigments. A similar 
computation is made for K a, where 
550 T = E(A) exp -[Kw(A) + K r(A) + Kc(A)]z dA 
d 400 
ß 550 E(A) dA . 
d 400 
Kw(A), the diffuse attenuation coefficient for clear ocean 
waters, is approximated by 
Kw(A) = [aw(A) + bw(A)]/cos 0 = Cw(A)/cos 0 (3) 
where a w (A), b w (A), and c w (A) are the absorption, scatter- 
ing, and beam attenuation coefficients for optically pure 
water, obtained from Morel and Prieur [1977]. Cos 0 is the 
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cosine of the solar zenith angle in seawater, taken to be 0.83 
[Sathyendranath et al., 1989] for an average skylight. 
K r(A), the diffuse attenuation coefficient for colored dis- 
solved organic material, is evaluated from 
Kr(A) = ays(A)/cos 0 (4) 
where ays(A) is the absorbance due to CDOC. Over similar 
ranges of 0.7-2.2 mg DOC L -1 and 1-15 mg chl m -3 off 
Japan, Okami et al. [1982] found that ays(A) could be related 
to total DOC by 
ay•(A) = (-0.17 + 0.36DOC) exp [-0.0167(A - 380)] 
(5) 
in which 0.0167 (nm -1) determines the spectral slope of 
ays(A). 
From this relationship the ratio of CDOC/DOC is not 
constant [Walsh et at., 1992]; below a value of approxi- 
mately 0.47 mg DOC L -1 , ays(A ) = 0; that is, the remaining 
DOC would be nonabsorbing, as reflected by the negative 
intercept, and therefore not affect the color signal. At a 
concentration of---1 mg DOC L -1 , the CDOC specific 
absorption at380 nm, a•o½(380), is ---0.19 L mg -1 m -1 from 
(5), where ays(A ) = a•o½(,•)DOC. In contrast, at 443 nm and 
---1 mg DOC L -1 a•oc(443) is ---0.07 L mg -1 m -1 This is , ß 
similar to that of 0.15 L mg m -1 found at 375 nm on the 
Louisiana shelf [Carder et at., 1989]. 
Kc(,•), the diffuse attenuation coefficient for phytoplank- 
ton, is computed from 
Kc(A) = [(a•h(A)C) + bbc(A)]/cos 0 (6) 
where a•,h(A ) is the specific absorption coefficient [m2 (mg 
chl) -1] of phytoplankton at different wavelengths from the 
two Gulf of Maine regions [Hoepffner and $athyendranath, 
1992], C is the concentration (mg m -3) of pigments (chloro- 
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Figure 2. The yearly range and averages for the (plus) in 
situ and (triangle) CZCS data from Station E off Plymouth, 
England. The time series of CZCS images was compiled over 
1979-1986, while the in situ measurements were taken over 
1975-1990 (data from Holligan and Harbour [ 1977], Pingree 
et al. [1976], Davies et al. [1992], and Jordon and Joint 
[1984]). 
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Figure 3. The yearly range and averages for the (plus) in 
situ and (triangle) CZCS data from Station B off Roscoif, 
France. The time series of CZCS images was compiled over 
1979-1986, while the in situ measurements were taken over 
1979-1985 (data from Wafar et al. [1984] and Sournia et al. 
[1987]). 
phyll + phaeopigments), and b bc(A) is the backscattering 
(per meter) by phytoplankton [Gordon and Morel, 1983]. 
CZCS pigment values from 64 of the best available images 
covering the time period 1979-1986 were used, for example, 
Plates 1 and 2. Each image represented a single day, where 
any particular month is usually represented by a few images. 
There were months during the various years, however, for 
which no data were available. Where several days images 
were used for any particular month, the data was averaged. 
The 4-km pigment data from NASA's Goddard Space Flight 
Center [Feldman et al., 1989; Muller-Karger, 1992] were 
averaged over 300 km 2 around stations E and B (Figure 1). 
The standard algorithm of Gordon et al. [1983] was used to 
estimate these pigment values from the water-leaving radi- 
ances. 
In situ measurements (n = 75) of pigments (Tables 1 and 
2) were similarly averaged over just the upper 10 m (Ply- 
mouth) and 25 m (Roscoif) of the water column for the 
months in which the data were available. The CZCS could 
only detect pigment over the first optical depth at 443 nm, for 
example, a mean K -1 of--•7.7 m off Plymouth. Since the 
waters off Roscoff are well-mixed, these values of in situ 
pigments represent the average of the 25-m water column. 
Utilizing the CZCS aerosol component computed from the 
670 nm channel, little or no pattern was seen with scales 
indicative of suspended sediments within either the Ply- 
mouth or Roscoff regions. The seston content of seawater off 
Roscoff was 0.5-1.0 mg dry weight (dw) L -1 during 1985 
[$ournia et al., 1987], similar to oceanic surface waters 
[Morel and Prieur, 1977]. 
We thus define the difference between the remotely sensed 
and in situ values of pigment as the apparent excess pigment 
(AEP) (mg m3), which may instead represent light absorbed 
by CDOC, since sediments are considered to be a negligible 
component in the western English Channel. The absorption 
ays (m -1) attributed toCDOC is 
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Table 2. The Seasonal Variation Over the Upper 10 and 25 m of Mean In Situ and 
Coastal Zone Color Scanner-sensed Pigments at Stations E and B Respectively 
Plymouth Roscoff 
Station E Station B 
CZCS, AEP, CZCS, AEP, 
In Situ mg m -3 mg m -3 In Situ mg m -3 mg m -3 
, 
Jan. ß ß ß 0.81 ...... 12.5 ß ß ß 
Feb. 0.40 1.72 1.32 0.49 3.89 3.40 
March 1.00 0.83 -0.17 0.95 3.33 2.38 
April 2.17 1.85 -0.32 1.35 2.03 0.68 
May 1.20 1.97 0.77 1.43 !.85 0.42 
June 1.21 3.01 1.80 1.75 3.52 1.77 
July 0.83 1.35 0.52 1.00 1.93 0.93 
Aug. 10.2 1.42 -8.79 1.85 2.39 0.54 
Sep. 1.03 1.89 0.86 1.38 1.79 0.41 
Oct. 0.45 1.86 1.41 1.38 2.84 1.46 
Nov. 0.45 0.46 0.01 0.70 2.28 1.58 
Dec. 0.30 0.45 0.15 0.80 0.38 -0.40 
The apparent excess pigment (AEP) (mg m -3) is the difference between the in situ and satellite 
observations ß three center dots indicate no data. 
ay s = AEP x a* (7) ph(443) 
where a* •,n(443) is now the mean specific absorption coeffi- 
cient at 443 nm for both the stratified and well-mixed waters, 
that is, 0.062 [m 2 (mg chl)-1 ]. We chose this band, since it is 
the peak absorption band for phytoplankton and one of the 
primary channels of the CZCS. The equivalent DOC con- 
centration is then calculated using (5). 
To test our model, we examined concurrent measured 
values 6 f Kpar, phytoplankton biomass (19.9 mg chl 
and DOC (1.7 mg L -1) on the same day at mid-Channel 
during July 1981 [Holligan et al., 1984]. Our computed value 
of 0.56 m -1 is very close to their observed value of 0.54 m 
over the upper 10 m. 
Results 
During the spring and summer blooms Off Plymouth, for 
example, phytoplankton pigments contribute as much as 
30-65% of the attenuation of visible light (Figure 4). The 
large August contribution of phytoplankton is attributed to 
blooms of G. aureolum [Jordan and Joint, 1984]. As a result 
of the smaller DOC stocks off Plymouth than off Roscoff 
(Table 1), CDOC contributes at most 15% of the light 
attenuation, with a 1-month time lag after the seasonal peaks 
of algal biomass. During fall and winter periods, water itself 
accounts for as much as 86% of the color signal. 
Although the chlorophyll (1975-1990), DOC (1968), and 
Kpa r (1975-1976) data were collected in different years, the 
calculated total diffuse attenuation coefficient is similar to 
the observed values from the Plymouth region, with fairly 
good agreement throughout the year (Figure 4a). Our ability 
to obtain Kpa r estimates based on dissolved and particulate 
components of color from 1 year off Plymouth that, for the 
most part, match observed values of another year under- 
scores the repetitive nature of the seasonal cycles of the 
color constituents. In Figure 4a the imperfect fidelity of 
model computations and observations can be attributed to 
interannual variability and the inherent pitfalls of the aver- 
aging process (Table 1). 
This is not the case off Roscoff in Figure 4b. Although the 
yearly carbon fixation may be twice as large in the Roscoff 
area than off Plymouth (300 g C m -2 yr -1 versus 150 g C 
m -: yr -1) [Boalch et al., 1978; Wafar et al., 1983], the 
surviving phytoplankton pigments only contribute up to 16% 
Table 3. Monthly Photosynthetically Active Radiation at Noon Crossing the Sea Surface of the Western English 
Channel Assuming a Marine Aerosol and a Visibility of 23 km 
Wavelength, nm 
400-424 425-449 450-474 475-499 500-524 525-549 550-574 575-599 600-624 625-649 650-674 675-700 Sum 
Jan. 28.4 32.9 41.5 44.0 45.3 48.2 49.7 49.6 52.3 53.3 41.9 63.0 550.3 
Feb. 44.1 51.4 64.6 68.3 70.1 74.5 76.8 76.9 80.3 81.2 63.5 95.4 847.1 
March 66.5 76.8 96.0 100.9 103.2 109.5 112.9 1!3.4 117.2 117.9 91.7 138.1 1244.2 
April 86.0 98.9 122.9 128.6 131.2 139.1 143.4 144.2 148.3 148.7 115.4 173.9 1580.7 
May 97.5 111.6 138.4 144.5 147.2 155.9 160.7 161.7 165.8 166.1 128.8 194.2 1772.4 
June i0i.7 116.3 144.0 150.3 153.0 162.0 166.9 168.1 172.2 172.4 133.6 201.5 1841.8 
July 100.0 114.4 141.7 147.9 150.5 159.5 164.3 165.4 169.5 169.7 131.5 198.4 1812.9 
Aug. 92.2 105.7 131.2 137.1 139.7 148.0 152.6 153.5 157.6 157.9 122.5 184.6 1682.5 
Sep. 77.1 88.8 110.6 115.9 118.3 125.5 129.4 130.1 134.0 134.6 104.5 157.5 1426.3 
Oct. 55.9 64.8 81.3 85.6 87.7 93.1 96.0 96.3 99.9 100.7 78.5 118.1 1058.0 
Nov. 35.9 41.7 52.6 55.7 57.3 61.0 62.8 62.8 65.9 66.8 52.4 78.7 693.6 
Dec. 25.2 29.2 36.8 39.0 40.1 42.7 43.9 43.8 46.4 47.4 37.3 56.1 487.9 
Radiation is in (A)(/xE m -2 s -1 nm-l). After Gregg and Carder [1990]. 
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Figure 4. The seasonal variation of computed total KpA R (m -]) and of its water K w (m-l), colored 
dissolved organic carbon (CDOC) K ¾ (m-•), chlorophyll K c (m-•) components off (a, c) Plymouth and (b, d) Roscofl. The computed KpA R(m-l) is derived from our model, and the observed KpA R(m-1) is the 
mean presented in Table 1. 
of the attenuation of visible light here (Figure 4d). CDOC 
amounts to 19-30% of the color signal, that is, twice that off 
PlYmouth (Figure 4c), with maxima found 1-2 months after 
small blooms of the phytoplankton [Wafar et al., 1984]. 
Water itself provides 71% of the light attenuation at its 
seasonal maximum. 
However, the computed Kd is not i n as good agreement (Figure 4b) with those means observe d during 1985 [Sournia 
et al., 1987]; our model predicts about a twofold higher Kd. 
It is possible that the measured K d values were anomalously 
10w in 1985 compared to 1981. At similar chlorophyll stocks 
of 0.5-1.0 mg chl m -3, for example , Kd(520) was found to 
be 0.09 m -• offRoscoff on July 16, 1981 (measured with the 
same type of instrument by, Holligan et al. [1983]), as 
opposed toa Kd(520) of 0.05 m -• measured from July 9-24, 
1985 [Sournia et al., 1987], that is, almost wofold less. The 
specific absorption of pure water at 520 nm [Smith and 
Baker, 1981] is 0.0477 m -• or a Kw(520) of 0.0575 m -• 
suggesting very clear waters off Roscoif; ship shadowing at 
the surface could cause reduction of the measured Kd(520 )
in 1985. 
The DOC values obtained from shipboard measurements 
and those calculated from the differences between the CZCS 
and in situ pigment data, using (5) and (7), are displayed in 
Figure 5. The excess pigment off Plymouth (Table 2) was 
positive 8 of the 11 months, ranging from 2 to 77% of the in 
situ + excess pigments (tOtal CZCS estimate), with CDOC 
presumably contributing to a monthly mean of 46% of the 
stock estimated by the CZCS. Off Roscoif, excess pigment 
(Table 2) was positive 10 of the 11 months, ranging from 22 
to 87% of the in situ + excess pigments, with CDOC now 
amounting to a similar monthly mean of 48% of the algal 
biomass seen by the CZCS. 
The predicted and observed DOC concentrations are 
much closer off Plymouth (Figure 5a) than off Roscoff 
(Figure 5b), however, despite the larger percentage contri- 
bution of CDOC in French waters. Because the measured 
seston was low off Roscoff [Sournia et al., 1987], our results 
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Figure 4. (continued) 
suggest hat (l) an unknown amount of terrestrial CDOC, 
with a different specific absorption coefficient may be 
present, (2) the ratios of marine fulvic and humic acids may 
be different between the two ecosystems, and/or (3) a larger 
fraction of nonabsorbing DOC may be present within the 
tidally mixed waters off France, since the same mean 
a•h(443 ) was used in (7). 
Discussion 
Terrestrial DOC within fivefine influxes amounted to only 
25% of the in situ DOC production in Morlaix Bay, adjacent 
to Roscoff [Wafar et al., 1989]. Furthermore, yearly salinity 
range of 34.95-35.30 psu off Roscoff [Wafar et al., 1983], 
similar to other waters of the western English Channel 
[Armstrong et al., 1970], may rule out major fleshwater 
sources of CDOC. In any event a tenfold larger specific 
absorption coefficient for terrestrial CDOC [Blough et al., 
1993] would lead to even smaller estimates of DOC from (7) 
and (5), presumably eliminating this option, since 80% of 
terrestrial DOC is humic substances, that is, CDOC [Man- 
toura and Woodward, 1983]. 
Marine CDOC may be derived from cell lySis of phyto- 
plankton pigments [Harvey et al., 1983; Carder et al., 1989] 
during grazing and decomposition, since neither humic and 
fulvic acids nor their unsaturated lipid precursors [Harvey et 
al., 1984] have yet to be found among the extracellular 
release products of phytoplankton [Lancelot, 1984]. If veri- 
fied by future measurements, the larger amounts of CDOC 
off Plymouth and more nonabsorbing DOC off Roseoff imply 
differences in the way these food webs process particulate 
organic carbon (POC) and DOC. 
A smaller grazing stress off Roseoff would allow the 
greater increments of annual primary production and less 
production of CDOC from sloppy herbivores [Jumars et al., 
1989]. Here the seasonal maximum of zooplankton biomass 
over the upper 25 m was 1.2 g dw m -2, or about 0.54 g C 
m -2, during June 1985, when 5 mg chl m -3 were found 
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[Sournia et al., 1987]. A copepod growth rate of 13% body 
weight per day [Vidal and Smith, 1986], with an assimilation 
efficiency of 70% and a 50% respiration loss, suggests an 
ingestion demand of 37% body weight per day, that is, about 
0.20 g C m-2 d -] at station B. With a C/chl ratio of 45, the 
maximum daily grazing stress on diatoms off Roscoff might 
thus be --4% of the phytoplankton biomass. 
During the spring bloom off Plymouth, as much as 50% of 
the phytoplankton biomass is instead consumed daily by 
copepods [Davies et al., 1992], that is, a quantity tenfold 
greater than off Roscofl. At the same time, a similar diatom 
excretion rate of about 4% of the daily primary production, 
in both regions [Reid et al., 1990], would lead to twice as 
much nonabsorbing DOC released off Roscoff than Ply- 
mouth, as a consequence of the twofold greater annual 
photosynthesis. Benthic macroflora may also release 
polysaccharides within the shallow, tidally mixed waters. 
These possible contrasts in production of CDOC and non- 
absorbing DOC off Roscoff and Plymouth are reflected in the 
seasonal patterns of the differences between the in situ and 
remotely sensed pigments (Figures 2 and 3). 
With fallout of POC from the April spring bloom off 
Plymouth (Figure 6a), for example, a near-bottom pool of 
DOC evolves above the 70-m isobath after a 1-month time 
lag (Figure 6b), similar to the seasonal cycle of surface 
waters (Table 1). We do not show the vertical structure of 
DOC off Roscoif, since there it is homogeneous. Fall over- 
turn of the stratified Plymouth waters then resupplies the 
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Figure 5. A comparison of the computed and measured 
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Figure 6. The seasonal cycles of (a) particulate organic 
carbon (micrometers) and (b) dissolved organic carbon (mi- 
crometers) abo•e the 70-m isobath off Plymouth in 1968 
(data from Banoub and Williams [1973]). 
DOC (Figure 6b) to the October euphotic zone, where the 
strong CDOC signal was sensed by the CZCS (Figure 2). 
Within the Plymouth region (Figure 2) the CZCS data 
show March-April variations that are similar to the in situ 
ranges of pigment, reflecting particulate stocks (Figure 6a) of 
the diatoms. During late spring and early summer the CZCS 
data have a wider range of values than shipboard pigment 
measurements, suggesting greater CDOC contamination 
(Figure 6b) after cell lysis by grazers. By August the in situ 
pigments and CZCS pigment values have approximately the 
same range, reflecting again stocks of phytoplankton, but 
now these stocks are those of the subsequent dinoflagellate 
blooms [Jordan and Joint, 1984]. 
After the fall overturn, however, the CZCS range of 
pigments in October is much larger than the in situ one off 
Plymouth (Figure 2), exhibiting significant CDOC contami- 
nation of the remotely sensed color signal, as the DOC 
stored in the aphotic zone is mixed to the surface (Figure 
6b). Off Roscoff the CZCS range in October (Figure 3) is 
instead half that of Plymouth and similar to the in situ range 
of pigments within the tidally mixed waters. 
Spring blooms of 2-3 mg chl m-3 of the prymnesiophyte, 
Phaeocystis pouchetii, are now found at station E [Davies et 
al., 1992] but rarely at station B. They secrete as much as 
40% of their daily photosynthate as dissolved organic mat- 
ter, compared to the 4% released by diatoms [Reid et al., 
1990]. If, like the post-1966 blooms of summer dinoflagel- 
lates, the abundance of P. pouchetii increases off Plymouth, 
more amounts of nonabsorbing DOC may be found there in 
the future, providing a testable hypothesis for our grazing/ 
excretion scenario. 
Spring blooms of P. pouchetii, for example, have in- 
creased between 1973 and 1985 [Cadee and liegeman, 1986] 
to as much as 25 mg chl m-3 along the Belgian [Lancelot and 
Mathot, 1987], Dutch [Veldhuis et al., 1986], and German 
[Batje and Michaelis, 1986] coasts. There, subsequent May- 
June stocks of 5--6 mg DOC L- 1 are found after their blooms 
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[Billen and Fontigny, 1987; Eberlein et al., 1985]. The 
amounts of CDOC within these large transient pools of 
coastal DOC in the southern North Sea and their contribu- 
tion to remotely sensed ocean color signals are unknown. 
Conclusions 
We are pleased that data of different years from the 
western English Channel can be used to assess the contri- 
bution of marine CDOC to the contamination of remotely 
sensed color signals. It is about 47% of the apparent pigment 
off Roseoff and Plymouth, similar to our conclusions on the 
impact of terrestrial CDOC within the Orinoco River plume 
[ttochman et al., 1994]. 
Both the Plymouth and Roseoff time series exhibit periods 
when only one measurement was available for the in situ 
data, however. The large and rapid spatial variations of 
pigment that occur in the English Channel (Plates 1 and 2) 
reinforce the need for both satellite imagery and in situ 
measurements of both CDOC and its chemical constituents, 
as well as chlorophyll and its phaeopigments, in order to 
better understand the bio-optical dynamics of this and other 
coastal regions. 
Specifically, our inferences about the different food webs 
and roles of CDOC and nonabsorbing DOC off Plymouth and 
Roscoff hinge on unmeasured amounts of humic and fulvic 
substances from possible terrestrial and marine DOM 
sources. Clearly, continued interpretation of CDOC sensed 
by future satellites, that is, with an additional band at 412 nm 
on the sea-viewing wide-field-of-view sensor (SeaWiFS), 
requires concurrent time series of the color components, 
particularly DOC and CDOC stocks of marine and terrestrial 
origin, at sampling intervals similar to those of satellite 
overpasses. 
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